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Abstract 
Muscles contain a collection of motor units that can have different mechanical properties. It should be expected that 
the mechanical output from a muscle partly depends on the particular motor units that are activated for a given task. 
However, muscle models used for biomechanical simulations typically assume that a whole muscle can be 
represented by a scaled-up muscle fibre. Some models allow the intrinsic properties of the muscle to adapt to the 
activation levels, but even these may miss important features of the muscle contractions. This paper will discuss how 
the activity from different types of motor units may be detected during a contraction, and will demonstrate how 
muscle models that incorporate distinct units result in improved predictions of muscle force. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Muscle models are used in simulations of human movement. Skeletal muscle contains a mixed
population of different muscle fibre types that have varied contractile properties. It should be expected 
that the force developed by a whole muscle depends on the recruitment pattern of the different fibres 
within it. Much is known about the molecular and cellular mechanisms of muscle contractions; however, 
much less is known about how different muscle fibres contribute to the mechanical output from a whole 
muscle. However, the structural properties of whole muscle affect the length and shortening rate of the 
muscle fibres and thus their force-generating capability. In addition, these properties also influence the 
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balance of recruitment between the fibres affects which fibres will actively develop force and thus, 
modify the forces from the whole muscle. 
This paper will focus on how the recruitment of different types of muscle fibre can be detected during a 
motion, and then how this information can be used to drive simulations of muscle force. Particular issues 
that will be addressed are: (1) appropriate transfer functions must be derived to estimate muscle activation 
state from EMG signal, since these two parameters are different from one another; (2) different fibre-
types have specific intrinsic contractile properties and distinct activation dynamics, and so EMG detection 
and the calculation of activation should be fibre-type specific; and (3) whole muscle models typically 
consider muscle to act as a scaled-up muscle fibre with a generalized activation pattern for all fibres. 
However, fibre-recruitment can be complex and depends on the mechanics of the movement task. Thus, 
muscle models should ideally have the capability to simulate the complex recruitment that occurs during a 
variety or range of natural movements.  
2. Wavelets to resolve motor unit activity 
Electromyography (EMG) is commonly used to measure muscle activity to distinguish the timing of 
whole-muscle activation patterns. However, information about motor unit recruitment patterns can be 
determined with advanced EMG processing.  Both the shape and conduction velocity of the motor unit 
action potential are fibre-type specific, and this results in the different fibre-types generating characteristic 
spectra within the EMG [1-3].  Thus, recruitment of slow and fast motor units can be discriminated by 
these characteristics [4]. EMG spectra are additionally influenced by muscle fibre length, temperature and 
fatigue status, and the spectral properties change as the electrical signals propagate through the soft 
tissues.  When these factors can be accounted for, then it is possible to use the EMG to further understand 
motor unit recruitment.  
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Traditionally, spectral properties of EMG signals are quantified by their mean or median frequency [1, 
5-6] but those measures may incorporate factors other than motor unit type such as frequency components 
throughout the entire spectrum [7].  Recently, time-frequency analysis techniques such as wavelet 
analysis have emerged as power methods.  
Wavelet analysis considers that each motor unit action potential occurs at a distinct time, and leaves a 
distinct frequency spectrum. A filter bank of non-linearly scaled wavelets can be used to analyze EMG to 
obtain intensity, time, and frequency information [8]. Wavelet analysis, in common with more traditional 
analysis methods such as root-mean-squares or low-pass filtering or rectified EMG, results in some 
filtering of the EMG signal and this process decreases the time resolution by which electrical events can 
be determined: in particular, the onset and offset times of filtered EMG do not match the onset and offset 
of the raw signal, with the mismatch increasing with the amount of filtering used. It is possible to analyze 
the frequency content of an EMG signal using the Fourier transform, but the temporal resolution of the 
analysis is decreased because the Fourier transform requires EMG recording over a substantial time 
period [8]. For analysis of EMG it is desirable to have the time resolution in the order of the physiological 
response time of muscle. For example, reaction times during vertical jumps or unintended activation of 
muscles are between 10 ms and 100 ms [9-10]. In addition, Fourier analysis only provides frequency 
information, but wavelet analysis decomposes the signal into time and frequency components. 
When accompanied with principal component analysis, wavelets can be optimized and tuned to 
directly target signals from slow- and fast- motor units and to match our best estimate of the frequency 
spectra of different types of motor units (MU).  Thus they do not over-resolve in frequency which has 
been a consequence of earlier wavelet approaches; however, this results in improved time-resolutions of 
these wavelets down to 2 ms [11-12]. These optimized wavelets can then be applied to EMG signals to 
calculate the intensities of the slow and fast frequency components (Figure 1). This method is different 
from spatial-sample techniques such as high-density surface EMG where individual MU activity is 
identified only for isometric contractions [13]: our methods can determine the recruitment of populations 
of slow and fast motor units during dynamic locomotor tasks.  
3. EMG to activation state transfer functions 
When a muscle contracts, there is a finite time between the onset of EMG and the onset of force 
development which is the electromechanical delay. This delay is followed by a period within which the 
force continues to rise. The motor unit action potential (MUAP) will have passed well before the force 
reaches its peak, and these properties should be encapsulated in transfer functions that relate EMG to 
activation.  
The activation rate is the rate at which the activation level, with its associated force, increases. The 
activation rate is determined by the Ca2+ binding events such as Ca2+ release and sequestration from the 
sarcoplasmic reticulum, and other events related to establishing a steady state in cycling crossbridges [15]. 
Deactivation or relaxation is the period when the activation level and associated force decreases. 
Deactivation is influenced by Ca2+ removal from the sarcoplasm, Ca2+ dissociation from troponin, and 
release of crossbridges [15]. The activation and deactivation rates can change depending on the rate of 
lengthening and shortening during cyclic muscle contractions [15-16] such that at high frequencies, more 
work can be performed during shortening without increasing the work during lengthening [15].  More 
importantly, the activation-deactivation kinetics also influence the mechanical output of a muscle as it has 
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been demonstrated that slower motor units have slower activation and deactivation rates than faster motor 
units [17].  
Muscle models often use Hill-type muscle models where the activation and deactivation rates are 
represented with first-order differential equations models [18].  Many modeling studies assume that the 
activation and deactivation rates do not change through the movement even though it is well established 
that activation and deactivation rates are influenced by muscle fiber length, velocity, and stimulation 
frequency [19-24]. Furthermore, some models [25-26] assume that the muscle properties are not 
dependent of activation level.  The activation and deactivation constants in models are not specific to 
either slow or fast motor units. Models that incorporate either slow or fast motor units are often scaled 
from data collected from a muscle composed of one specific type of muscle fiber [24].  
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Activation states have been estimated from enveloped-EMG or stimulation parameters using first-order 
differential equations [17-18]. However, this may not capture the whole activation process that is based 
on a cascade of biochemical reactions. Additionally, this also results in the activation level only 
increasing while there is an EMG signal present, and again this is not the case. For single twitches, the 
action potential may exist for about 3 ms but the force may be generated for up to 100 ms. We have 
recently introduced more complex transfer functions that consider the electromechanical delay and allow 
for the force to increase even after the action potentials have passed. Our transfer functions incorporate 
the first-order differential equation of Zajac [18] in a three-step manner that produces more accurate 
estimations of the activation state of the muscle compared to using the single first-order differential 
equation proposed ([18]; Figure 2). More importantly, we have derived transfer functions with time 
constants specific to slow and fast fibres [11]. This was achieved from a set of optimized wavelets that 
quantified the EMG intensities from slow and fast motor units and the corresponding set of twitch force 
profiles from slow and fast motor units. These force profiles were determined using principal component 
analysis of forces from in situ twitch experiments [11].  
4. Hill-based muscle modelling 
The forces that a muscle produces during a dynamic contraction can be modelled using 
phenomenological Hill-based relations [28]. These describe how the muscle force is influenced by factors 
including its length, velocity, and activation level [29]. Motor units are the functional contractile units 
within a muscle and contain a group of fibres with similar contractile properties that are activated 
together. Once the activation states of the different types of motor unit have been established, it would 
make sense to incorporate these into the simulation of muscle force. However, the muscle models used to 
date typically consider the muscle to be treated as a scaled-up fibre with a single contractile element that 
takes on general properties of the muscle fibres within the muscle. However, muscles contain mixed 
populations of different fibre types with each muscle fibre type having distinct biochemical and 
mechanical properties [30] and so the mechanical output of a muscle depends not only on the 
composition, but also depends on the recruitment of the fibres within it. Given that the recruitment of the 
different muscle fibres can vary between tasks, it is likely that the actual mechanical output of the muscle 
depends on the recruitment of its muscle fibres, and that this should be incorporated into muscle models. 
The manner to which the force-velocity property of muscle is considered in muscle models has evolved 
as muscle models have become more complex in attempts to simulate physiological mechanisms. An 
early study considering these factors [31] calculated generalized force-velocity relations for the whole 
muscle, based on the force-velocity properties of the individual fibres weighted by their proportion within 
the muscle. This approach resulted in the maximum-shortening velocity matching that of the fastest fibre 
because even if only a tiny fraction of the muscle consisted of fast fibres, it would still have the capability 
to contract rapidly; however, the force-velocity curve took a more pronounced curvature than for any of 
the constituent fibres within the muscle. Subsequently, some models assumed that the maximum 
shortening velocity could be taken from the maximum intrinsic speeds of the different fiber-types 
weighted by their fractional cross-sectional area within the muscle. Additionally, the curvature of the 
force velocity relation took an intermediate value between the fast and slow fibre limits [18, 32].  
More recently, models have been developed that have the maximum shortening velocity of the fibres 
modulated by the activity level of the muscle [33-34]: this assumes that the motor units are always 
recruited in an orderly fashion, as this is the accepted base-plan for recruitment [35], however, this may 
not be appropriate for all tasks and contractions [36].  
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None of these previous models have incorporated the complex nature of the recruitment of different 
types of motor unit within the muscle that is known to exist. In order to do this, the activation states of the 
different motor units needs to be known, and an approach to this was discussed above. Simple Hill-type 
models can be constructed to test these ideas that have independent contractile elements that can be 
activated in parallel [37]. In order to validate such models, it is necessary to validate the predicted forces 
against known muscle forces, yet this has proved very challenging in man where individual muscle forces 
cannot be measured non-invasively. Instead, we have recently been testing such ideas in a mammalian 
model where forces can be directly measured using transducers attached to the tendon. 
5. Recent findings in animal models 
Electromyographic studies on animal models typically use fine-wire EMG electrodes that allow for 
close proximity between the recording electrodes and the contracting muscle. Such studies have shown 
that distinct frequency patterns in an EMG signal can be distinguished from different muscle fibre types. 
These have shown such relations for different muscles or compartments within a muscle that have 
different fibre-type proportions (rat: [1, 12]; fish: [38]), and for mixed muscle where different motor units 
within the muscle are recruited (cat: [38]; rat: [39]; goat: [11]). The specific frequency bands that 
correspond to different fibre-types have been characterized and used to develop specific wavelets that are 
optimized to these signal characteristics (rat: [12]; goat: [11]). The correlation between these optimized 
wavelets and reconstructed spectra from the PCA have strong coefficients of determination between 0.98 
and 0.99.  Using the data from these wavelets, transfer functions that allow both the slow and fast motor 
unit activation states to be predicted from the EMG levels have been developed from the goat data [11]. 
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These motor unit activation states can be used to drive differential muscle models with contractile 
elements in parallel that simulate distinct motor unit types. Subsequently, the predicted forces can be 
compared to models that consider the more general EMG characteristics (derived from the whole 
frequency spectra) and to models of the whole muscle as scaled-up fibres. Initial work in this area 
demonstrates that the differential models more accurately predict the whole muscle force than the more 
basic models with scaled-up fibres and single contractile elements (Figure 3). The increased accuracy 
from these differential models is afforded from both the developments in EMG-activation state transfer 
functions that are derived above, and additionally from the tracking of fluctuations in motor unit 
activation that occur during actual contractions.  
6. Applications to human muscle 
It is clearly a desirable goal to improve the muscle models that are used for simulations of human 
movement. All the muscle characteristics and modelling considerations discussed earlier are applicable to 
mixed mammalian muscle in general, and thus should also apply to human muscle. However, studies on 
man are faced with additional challenges. Firstly, EMG is typically measured non-invasively using 
electrodes on the skin surface (sEMG), and this results in the EMG signal getting attenuated in a 
frequency-dependent manner due to the volume-conductor effects through the tissues [40-41]. Secondly, 
due to the difficulty in measuring muscle force directly in man, muscle-specific models cannot be directly 
validated.
Nonetheless, distinct frequency characteristics of the EMG have also been determined for different 
types of motor unit when using sEMG in man both in experimental [4, 42] and simulation [7] studies. 
Using such frequency information, the recruitment of different motor units has been evaluated [43-44], 
and motor unit recruitment has been shown to depend on movement mechanics [46]. We have recently 
determined optimized wavelets [46] that can be used to measure the EMG intensity from different types 
of motor unit in man. 
Provided that the appropriate EMG-activation transfer functions can be established, then the proposed 
modelling ideas outlined earlier could be also used for man. As a first approximation, the transfer 
functions developed for the goat model [11] could be used for human muscle, although they may need to 
be adjusted for activation rates and physiological temperature. Furthermore, the force-length and force-
velocity characteristics for human muscle would need to be used, and certainly this latter value is at best 
an estimate [28]. However, even with just estimates of these parameters, we have seen that differential 
models of the tibialis anterior during running in man result in different force predictions than more basic 
models with scaled-up fibres and single contractile elements [37]. The challenge will be to validate which 
models are more accurate, but the differential model certainly has potential for use in human 
biomechanics studies 
7. Conclusions 
Forward-dynamics simulations of human movement require muscle models that estimate force based 
on activation or EMG parameters. Recent developments in signal processing have allowed us to see that 
MU recruitment is complex and task-dependant in man. Recent refinement to muscle models shows that 
the accuracy of force prediction is increased when muscle models accommodate such diversity in MU 
recruitment. It is possible that in the future, it will be common practice to extract information about 
recruitment from the information encoded in the EMG signals; then to translate this to activation states of 
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the different populations of muscle fibre-type, and then these populations of muscle fibres or motor units 
can be modelled with a physiologically appropriate activation patterns within models of whole muscle. 
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